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Abstract—A partial slotted curved waveguide leaky-wave an-
tenna which can generate orbital angular momentum (OAM)
mode-groups (MG) with high equivalent OAM order le = ±40
at 60 GHz is proposed in this paper. The proposed antenna with
partial slotting is designed according to the circular traveling-
wave antenna which can generate single conventional OAM
wave, so it can be regarded as partial arc transmitting (PAT)
scheme compared with the full 2pi aperture slotting of the
circular traveling-wave antenna. The full-wave simulation results
show that the generated OAM MGs present a high gain beam
with a helical phase distribution. This method may lead to
novel applications for next generation communication and radar
system.
Index Terms—Orbital angular momentum, mode-group, high
equivalent OAM order, leaky-wave antenna, partial arc trans-
mitting scheme.
I. INTRODUCTION
EXCEPT for spin angular momentum (SAM) which rep-resents the polarization feature of electromagnetic (EM)
wave, orbital angular momentum (OAM) as another inherent
characteristic of EM describes the spatial phase distribution
and can be considered as a new degree of freedom to be
utilized [1]. OAM has recently derived many potential applica-
tions. In addition to multiplexing in communication systems
[2], OAM has already been applied to nanotechnology [3],
quantum information technique [4] and radar computational
imaging [5], etc.
Theoretically, OAM has an infinite number of spatial or-
thogonal modes, hence, same-frequency OAM multiplexing
is regarded as a potential technique to increase the spectral
efficiency. However, from the point of space division multi-
plexing, several researchers believe that OAM multiplexing is
just a subset of multiple-in-multiple-out (MIMO) technique
[6], [7]. In nature, it is a matter of signal processing from the
physical layer [8]. Besides, for practical application scenarios,
especially in the RF domain, OAM wave presents a “dough-
nut” intensity shape because of its inherent divergence and
central phase singularity. Furthermore, the “doughnut” will
expand with the increasing propagation distance, which leads
to the receiving problems at the receiving end for both the
communication systems and the radar systems [9]. The partial
arc receiving method is a great idea to solve this shortcoming,
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but it needs the specific receiving aperture according to several
specific OAM modes [10]. Another apparent approach is to
achieve the beam focusing with the help of lens [11], but it
cannot change the “doughnut” form. Once beyond a limited
distance, it’s still difficult to receive with a whole angular
aperture.
In order to reduce the impact of above-mentioned, it’s highly
necessary to realize a convergent beam which still retains a
helical phase wavefront (a linear phase distribution along the
azimuthal direction) locally. OAM mode-group (MG) has been
proved that it’s a field eigenmodes beamforming method to
achieve radiation pattern diversity, it has notable characteris-
tics including directionality, vorticity and quasi-orthogonality
[12]. The prospects of OAM MGs in multiple-in-multiple-out
(MIMO) system [13], spatial field digital modulation system
[14] and low interception communication system [15] have
been explored. In [13], it’s badly in need of a MG with higher
equivalent OAM order le, where le depicts the phase slope
within the mainlobe, i.e. the vorticity of a MG.
The implemented method of OAM MGs in [12] is to gener-
ate several OAM modes and then superpose them together into
a MG, it’s possible for low le. However, being aim at realizing
a MG with higher le, it will be hard to generate several high
order OAM modes, not to mention how to superpose them in
practice. Azimuthal angle and OAM modes are connected with
Fourier transformation, it has been proposed in optical domain
that an angular restriction of light profile modifies the OAM
spectrum, which means more OAM spectrum components are
generated and these components can form a MG [16]. In RF
domain, referring to the concept in [16], researchers utilize
the quasi-circular array [17] and density-weighted circular
array [9] to realize one kind distinctive OAM wave which
has a helical wavefront but a convergence energy distribution.
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2However, the le of generated beam in [9] and [17] are both
low. Essentially, they can be regarded as an array amplitude-
phase controlling method.
In this paper, OAM MGs with high equivalent OAM order
le = ±40 are generated by a partial slotted curved waveguide,
which is a kind of leaky-wave antenna. The curved waveguide
is designed as a part arc of the circular traveling-wave slot
antenna which can generate single OAM mode [18], so the
proposed method is known as a partial arc transmitting (PAT)
scheme. Different from the excitation way by a 90◦ hybrid
coupler in [19], this antenna is excitated from one port using
coaxial adapter to waveguide, the other port is connected with
a waveguide matching load, so a traveling-wave is formed
in the curved waveguide, Fig. 1 illustrates the sketch map
of the proposed antenna. The antenna model is designed and
simulated using full-wave analysis software CST Studio Suite
2018. This antenna can be applied to a wireless Line-of-
sight MIMO link to achieve a longer effective communication
distance [13].
II. ANTENNA GEOMETRY
In optical domain, a restriction of the angular range within
an OAM light beam profile will modify the OAM spectrum
and generate OAM sidebands around the center OAM order,
which can be explained using the “angular diffraction theory”
[16]. Due to the paraxial approximate property in optical
domain, the OAM spectrum of the transmitted light through
the angular mask presents a typical sinc envelope, i.e. a
symmetrical distribution. The transmitted light beam show a
linear phase distribution in the mainlobe.
Drawing on the idea in [16], in RF domain, the partial
slotted curved waveguide leaky-wave antenna is proposed,
which is designed based on the circular traveling-wave antenna
[18] and can be regarded as part of it. A circular traveling-
wave antenna with its phase change along the circle of 2pil
can generate the OAM wave with OAM order l. Such an
antenna has a full 2pi aperture slotting to achieve the leaky-
wave radiation. The 2pi/9 partial slotting of the proposed
antenna is a way to achieve the angular restriction within the
RF OAM beam profile, which also can be considered as a PAT
scheme in RF domain. The PAT scheme could also modify the
OAM spectrum and make the energy of the center OAM mode
transfer to the OAM sidebands. The quasi-symmetrical OAM
components form an OAM MG which shows a high gain beam
with a linear phase distribution in the mainlobe.
A partial slotted curved waveguide leaky-wave antenna
consists of the waveguide feeding/terminal matching port, the
transition waveguide and the curved waveguide, Fig. 2 (a)
TABLE I
PARAMETERS FOR THE ANTENNA
Symbols Size (mm)
ri: the inner radius of curved waveguide 78.60
aw: the wide wall of curved waveguide 2.80
bw: the narrow wall of curved waveguide 0.68
af : the wide wall of waveguide feeding port WR-15
bf : the narrow wall of waveguide feeding port WR-15
hs: the width of slot 0.70
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Fig. 2. The antenna structure of the proposed PAT scheme. (a) Configuration
of the partial slotted curved waveguide leaky-wave antenna. (b) Top views
of the designed antenna, Table I gives the significant design parameters.
(c) Partial enlarged view of the ports, the transition waveguide is used for
the matching between the waveguide feeding/terminal ports and the curved
waveguide.
show the integral structure. The curved waveguide is fabricated
by twisting a rectangular waveguide with a wide wall aw and
a narrow wall bw into a 90◦ arc as shown in Fig. 2 (b). The
energy is fed from one port using coaxial adapter to waveguide
WR-15 (standard UG385 Flange). The other port is terminated
with a waveguide matching load WR-15 (standard UG385
Flange), a traveling-wave is formed in the curved waveguide.
A 40◦ slot is cut on the wide wall, the OAM MG with high
equivalent OAM order will radiate from it. The antenna is
operated in the fundamental mode TE10, so aw should be less
than λ0 and greater than λ0/2, where λ0 is the wavelength in
vacuum. Besides, the curved waveguide is designed according
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Fig. 3. The simulated S-parameters of the proposed antenna. S11 & S33: the
return loss; S21 & S43: the transmission loss.
3Fig. 4. The simulated far-field 3D radiation pattern for the OAM MGs. (a)
le = 40; (b) le = −40.
to the circular traveling-wave antenna, the circumference of
circular traveling-wave antenna should be lλg , the waveguide
wavelength λg of TE10 can be calculated by
λgTE10 =
λ0√
1− (λ0/2aw)2
(1)
the inner radius ri is equal to the inner radius of circular
traveling-wave slot antenna, which is given by [19]
ri =
|l|
pi
√
(2/λ0)2 − (1/aw)2
− aw
2
(2)
In order to analyze the performance of the proposed scheme,
an antenna model which can generate OAM MGs with high
equivalent OAM order le = ±40 at 60 GHz is simulated in
full-wave analysis software. In this case, the significant design
parameters have been given in Table I. In fact, conditions
permitting, more curved waveguides can be integrated on the
same metal sheet to achieve more OAM MGs generating and
multiplexing.
III. SIMULATION RESULTS ANALYSIS
A. Antenna performance
The S-parameters of the partial slotted curved waveguide
leaky-wave antenna are shown in Fig. 3. It can be seen that
it has a low reflection coefficient around 60 GHz owing
to its traveling-wave structure, the waves above the cut-off
frequency can be propagated in the curved waveguide. The
difference of OAM equivalent order between OAM MGs
(le = ±40) only depends on the direction of traveling-waves,
as indicated in Fig. 2 by the red arrows. The two curved
waveguides are with the same size, besides, the width and
the position of slots are also the same, so the S-parameters
performance of both are almost uniform. Fig. 3 shows the
results of the OAM MG with le = 40 (blue) and the OAM
MG with le = −40 (yellow).
The simulated far-field 3D radiation patterns of the proposed
antenna is illustrated in Fig. 4. The divergence angle, 3 dB
Fig. 5. (a) The directivity for le = ±40 at θ = 24◦ plane; (b) and (c) are
the phase distribution within the mainlobe for le = ±40 at θ = 24◦ plane.
beam width of theta angle, directivity and radiant efficiency for
le = 40 are nearly 24.5◦, 5.6◦, 36.93 (15.67 dBi) and 85.25%,
respectively. As for le = −40, these parameters are 24.7◦,
5.5◦, 37.3 (15.7 dBi) and 85.26%, respectively. The intensity
pattern of two OAM MGs are almost the same, however, they
show distinct-different phase distribution within the mainlobe.
In order to describe the azimuthal phase distribution more
clearly, Fig. 5 shows the directivity and phase distribution
around azimuthal angle ϕ within the OAM MG’s mainlobe
at θ = 24◦ plane. MGs inherit the helical phase distribution
of conventional OAM-carrying waves, i.e. MGs still have the
feature of vorticity. The phase changes one period every 9◦
azimuthal angle, which means the estimation of equivalent
OAM order is le = 40 or le = −40. The phase linearity of
both cases are about good. To our knowledge, the data streams
carried by the multiplexing OAM MGs can be demodulated
by partial arc receiving method [10] utilizing the linear phase
distribution. The mainlobe magnitude, mainlobe direction and
3 dB beam width of phi angle for le = 40 are 15.7 dBi, 47◦
and 44.6◦, respectively. For le = −40, they are 15.6 dBi, 43◦
and 47.5◦, respectively.
B. OAM spectrum analysis
OAM modes among a MG and the azimuthal angle are
connected by Fourier transformation. In optical domain, for
the case of a restriction mask whose angle is γ within the
lcenterth OAM light beam profile, the OAM spectrum of the
transmitted light could be expressed as [16]
W (l) = sinc
[
γ(l − lcenter)
2
]
(3)
where W (l) refers to the weight of the lth OAM mode. Its
OAM spectrum has a symmetrical weight distribution. Hence,
the transmitted light demonstrates a helical phase distribution
within its mainlobe, the phase slope is equal to lcenter.
Without the paraxial approximate property, in RF domain,
different OAM waves have inconsistent divergence angles.
High order OAM wave has stronger divergence. The OAM
spectrum of the MGs generated by the PAT scheme can be
given by “unpublished” [20]
W (l) = sinc
[
ϕs(l − lcenter)
2
]
Jl [krssin(θ0)] (4)
4Fig. 6. The OAM spectrum analysis of the simulated results (blue bar graph)
and the theoretical results (yellow line), θ0 = 24◦. (a) le = 40; (b) le = −40.
where ϕs represents the angle corresponding to the arc length
of slot, its value is 40◦. Jl(∗) refers to the lth Bessel function
of the first kind. k is the wave number in free space. rs refers
to the radius of the slot. θ0 is the divergence angle of the MGs.
The OAM spectrum analysis of the simulated results and
theoretical results are illustrated in Fig. 6. There is a good
agreement between simulation and theory relatively. The sym-
metry of weight distribution is broken to some extent. High
order OAM components are suppressed because of its severe
divergence. The OAM spectrum components of MG le = 40
are concentrated between l = 35 and l = 45, the weights
nearly present a quasi-symmetrical distribution around the
central mode lcenter = 40, which results in the good phase
linearity of the MG within its mainlobe. As for MG le = −40,
it shows a similar spectrum distribution.
IV. CONCLUSION
In this paper, we proposed a partial slotted curved waveg-
uide leaky-wave antenna to directly generate OAM MGs with
high equivalent OAM order le = ±40 for 60 GHz operation.
Such a partial arc transmitting (PAT) scheme can solve the
problem that it’s very hard to generate several high order
OAM modes independently and superpose them into an OAM
MG. The proposed method is much simpler for a practical
system implementation. The simulated results show that the
generated OAM MGs present high beam gain and helical phase
distribution within the mainlobe. Our future work is going to
focus on fabricating and measuring the antenna, then explore
its potential application in the remote communication system
[?] and radar detection and positioning system.
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